A site situated near Alkali Lake (Oregon) and highly contaminated by chloroaromatic compounds was chosen for isolation of alkaliphilic chlorophenol-degrading bacteria. Prolonged cultivation of an enrichment culture followed by successive transfers resulted in a strong increase in the 2,4,6-trichlorophenol (2,4,6-TCP) degradation rate. Repetitive extragenic palindromic PCR and amplified ribosomal DNA restriction analysis were applied to distinguish members of the enrichment culture and monitor them during the enrichment procedure. Comparison of the fingerprints of the isolates obtained from the enrichment culture and its total DNA fingerprint indicated the presence of an unidentified bacterium in the enrichment culture, assisting in its isolation. The 2,4,6-TCP-degrading isolate, M6, was tentatively identified as a Nocardioides sp. strain based on its partial 16S RNA sequence and fatty acid profile. Strain M6 was capable of utilizing up to 1.6 g of 2,4,6-TCP per liter as a sole carbon and energy source and could also grow on 2,4-dichlorophenol and 2,4,5-trichlorophenol. A high-cell-density suspension of this strain degraded a wide range of chlorinated phenols from di-to pentachlorophenol while showing a clear preference for phenols containing chlorine substituents in positions 2 plus 4. Based on its optimal pH (9.0 to 9.4) and sodium ion concentration (0.2 to 0.4 M) for growth, Nocardioides sp. strain M6 is a slightly halophilic alkaliphile.
Extensive use of chlorinated phenols and their derivatives in agriculture and industry has resulted in extensive environmental contamination. For example, conventional chlorine bleaching of kraft pulp has been estimated to produce approximately 100 to 300 g of chlorinated phenolic compounds per ton of pulp (9, 20) . 2,4,6-Trichlorophenol (2,4,6-TCP), 2,3,4,6-tetrachlorophenol, and pentachlorophenol were the principal wood preservatives for many years worldwide (17, 18) . 2,4-Dichlorophenol (2,4-DCP) and the very persistent compound 2,4,5-trichlorophenol (2,4,5-TCP) are generated in the environment from the extensively used agricultural biocides 2,4-dichloroand 2,4,5-trichlorophenoxyacetic acid (7) . Chlorinated phenols have inherent toxicities to biological systems, resulting in their persistence and accumulation in the environment. 2,4,5-TCP, 2,4,6-TCP, and pentachlorophenol have been placed on the U.S. Environmental Protection Agency's list of priority pollutants (21) .
Several strains of bacteria have been described for their ability to completely mineralize polychlorinated phenols (3) . However, none of them is capable of chlorophenol degradation under conditions of high alkalinity. We have initiated a project to isolate and examine alkaliphilic bacteria capable of polychlorophenol degradation. Understanding chlorophenol degradation under alkaline conditions is of interest for a number of reasons. (i) It is known that sorption of chlorophenols to organic matter is pH dependent (sorption decreases as pH increases) (3); therefore, an increase in pH can affect the bioavailability of chlorophenols and improve the efficiency of bioremediation. (ii) Since the toxicity of chlorophenols is usually attributed to the acid (undissociated form), the toxicity of a chlorophenol decreases as the pH increases (11, 22) . Thus, chlorophenols should be less toxic to microorganisms at elevated pH values, which may allow bacteria to utilize them at higher concentrations. (iii) Alkaliphilic chlorophenol-degrading bacteria may be useful for bioremediation of alkaline sites contaminated with chlorophenols (8) . Therefore, alkaliphilic microorganisms should provide a good opportunity to investigate chlorophenol degradation at high pH values and to aid in the development of effective bioremediation procedures.
In this paper we report on the use of molecular fingerprinting methods to assist in the isolation of an alkaliphilic and slightly halophilic bacterium, Nocardioides sp. strain M6, capable of growth on 2,4,6-TCP, 2,4-DCP, and 2,4,5-TCP and degradation of a wide range of chlorophenols in high-density culture.
MATERIALS AND METHODS
Site description and sample collection. A site situated near Alkali and West Alkali Lake (Oregon) and described earlier (19) was chosen to collect soil samples for enrichment. The site was highly contaminated in 1976 by release of 6,000 tons of 2,4-dichlorophenoxyacetic acid (2,4-D) production waste. Groundwater in the disposal area is approximately 1 m below the surface, has a pH 9.5 to 10, and is contaminated with high levels of mixed chlorophenols, 2,4-D, and related chloroaromatic compounds (8) . Samples used in this study were taken within about 0.5 m from the surface in four different locations across the contamination plume in May 1994.
Media. Alkaline mineral medium 1 (AMM1), pH 9.5, described earlier (15) , and alkaline mineral medium 3 (AMM3), pH 9.4, which differs from AMM1 by having lower concentrations of sodium chloride and sodium carbonates (20 g of NaCl per liter, 5 g of NaHCO 3 per liter, and 5 g of Na 2 CO 3 per liter), were used in this investigation. TCP agar contained (per liter of AMM3) 20 g of agar and 200 mg of 2,4,6-TCP. Rich agar was supplemented with 1 g of yeast extract per liter and 1 g of Casamino Acids per liter.
Enrichment. Four soil samples collected at the Alkali Lake site were mixed together, and 5-g subsamples were used to inoculate Erlenmeyer flasks (500 ml) Serial dilution of the enrichment cultures, molecular fingerprinting of their members, and isolation of a 2,4,6-TCP-degrading bacterium. A serial dilution technique was utilized to reduce the number of different phenotypes in the 2,4,6-TCP-degrading enrichment culture. For this, enrichment culture I was diluted 1:10 serially, and 0.05 ml of each dilution was plated onto TCP agar (Fig.  1 ). Plates were incubated for 10 to 15 days, and then each preparation was resuspended with 5 ml of AMM3, which was used to inoculate liquid AMM3 containing 50 mg of 2,4,6-TCP per liter and 20 mg of yeast extract per liter. A liquid culture from the highest dilution giving growth was transferred several times by using increased trichlorophenol (TCP) concentrations (from 100 to 500 mg/liter) and was designated subculture II. This complete procedure, which we call serial dilution-plate resuspension, was sequentially repeated to further reduce culture complexity (Fig. 1) . DNA fingerprinting (repetitive extragenic palindromic [REP] PCR and amplified ribosomal DNA restriction analysis [ARDRA]) was used to differentiate and monitor isolated bacteria. The total DNA of the enrichment subcultures obtained in different steps of enrichment was also fingerprinted, and the patterns obtained were compared to the fingerprints of plated isolates. Isolates representative of each REP PCR pattern were tested for growth and degradation of 2,4,6-TCP in liquid AMM3.
Determination of optimal growth conditions. Cell growth was monitored by measuring culture optical density at 550 nm (OD 550 ). The salt dependence of growth was determined in AMM3 containing various concentrations of NaCl (0 to 2 M). The optimum pH for growth was determined by using 50 mM Tris-HCl buffer (pH 7.2 to 9.0) and 50 mM Na 2 CO 3 -NaHCO 3 buffer (pH 8.8 to 10.2). The media were supplemented with NaCl to keep the sodium ion concentration near 0.4 M.
Fatty acid analysis. Isolate M6 was grown in liquid AMM3 supplemented with 500 mg of 2,4,6-TCP per liter and 25 mg of yeast extract per liter for 3 days and then harvested by centrifugation, washed twice with 50 mM Tris-HCl buffer (pH 8.0), and stored at Ϫ20°C. A fatty acid methyl ether analysis of lipids was performed as described earlier (15) .
Transformation of chlorinated phenols by cell suspensions. Isolate M6 was grown in AMM3 containing 500 mg of 2,4,6-TCP per liter and 25 mg of yeast extract per liter. At the end of the logarithmic growth phase cells were harvested by centrifugation, washed twice with fresh AMM3, and resuspended in the same medium to an OD 550 of 3.0. Chlorinated phenols were supplied at concentrations 25, 50, and 100 mg/liter. The suspensions were shaken at 30°C, and samples were withdrawn after 0, 3, 6, and 24 h of incubation for chlorophenol analysis.
Quantitative determination of chlorophenols. Concentrations of chlorophenols in growth media were determined by HPLC as described earlier (15) by using 800 ml of methanol containing 0.2 ml of 85% ortho-phosphoric acid per liter as the mobile phase.
Extraction of DNA, PCR amplification, restriction analysis, and sequencing of PCR products. Enrichment subcultures II, III, and IV were grown on 2,4,6-TCP (500 mg/liter) for 48 to 56 h. Total genomic DNA of these subcultures was extracted by the miniprep method of Ausubel et al. (2) and used as a PCR template. Biomass from a single colony was used as the template for amplification of 16S RNA and REP sequences of the isolated bacteria. REP PCR was performed as described by deBruijn (4). The 16S rRNA genes were amplified and sequenced as described earlier (15) .
RESULTS
Degradation of 2,4,6-TCP by enrichment cultures. The Alkali Lake enrichment cultures exhibited degradation of 2,4,6-TCP (20 mg/liter) after 2 months of cultivation, and after 3 additional months the chlorophenol was completely utilized. After prolonged cultivation followed by successive transfers, significantly increased rates of 2,4,6-TCP degradation were observed. Enrichment culture I, obtained after 1 year of enrichment, degraded 500 mg 2,4,6-TCP per liter in 7 to 8 days and showed no improvement with further transfers. Several attempts were made to isolate a pure TCP-degrading isolate by direct plating. More than 100 isolates obtained during different steps of the enrichment procedure were tested in liquid medium for growth and degradation of chlorophenol, but none of them proved capable of 2,4,6-TCP degradation.
Serial dilution, molecular fingerprinting of members of the enrichment culture, and isolation of the 2,4,6-TCP-degrading bacterium. Although single colonies capable of 2,4,6-TCP degradation were not isolated, a 2,4,6-TCP-degrading liquid culture was obtained by resuspending plated enrichment culture I. This suggested that either a TCP-degrading bacterium grew on the plates and remained unidentified or 2,4,6-TCP degradation required a consortium. The strategy which was chosen for further enrichment was to reduce the culture complexity by FIG. 1. Serial dilution-plate resuspension procedure, which was utilized to reduce Alkali Lake enrichment culture complexity. The whole procedure was sequentially repeated to obtain subcultures III and IV.
serial dilution and utilize molecular fingerprinting to distinguish and monitor culture members. Transfers performed with the initial enrichment culture also indicated that decreased inoculum size drastically prolonged the lag time which is characteristic of growth on toxic substrates (1) . Therefore, to increase the inoculum size, the serially diluted culture was plated, and the biomass obtained after 10 to 15 days of plate growth was resuspended and used to inoculate liquid TCP medium (for details on the serial dilution-plate resuspension procedure see Materials and Methods and Fig. 1) .
Enrichment culture I was serially diluted and plated, and the liquid culture obtained from the highest dilution (10 Ϫ5 ) giving growth on 2,4,6-TCP was transferred several times with gradual increases in the 2,4,6-TCP concentration and designated subculture II (Fig. 1) . Eight strains with different REP PCR patterns were isolated from subculture II. On the basis of the 16S RNA sequences (approximately 300 to 330 nucleotides), three isolates were tentatively identified as bacteria belonging to the family Halomonadaceae, two isolates were identified as Rhizobium strains, one isolate was identified as a Flexibacter sp., and one isolate was identified as an Agromyces sp. (data not shown). None of these organisms proved to be capable of 2,4,6-TCP degradation separately or in combination. These results suggested that subculture II contained unidentified bacteria participating in 2,4,6-TCP degradation. The REP PCR pattern of the DNA of subculture II contained bands corresponding to those of the eight isolated bacteria, but the pattern was too complex to distinguish bands from unidentified bacteria (data not shown).
Subculture II was subjected to further cycles of the serial dilution-plate resuspension procedure. 2,4,6-TCP-degrading subcultures III and IV contained only five and three of the eight original isolates, respectively. The bacteria isolated from subculture IV were designated M3 (a member of the Halomonadaceae sp.), M4 (Rhizobium sp.), and M5 (Rhizobium sp.). Comparison of the REP PCR patterns of these three bacteria with the REP PCR pattern of the total DNA from subculture IV, from which they were isolated, revealed a unique band in the subculture fingerprint (Fig. 2) , which did not correspond to the bands of the three isolates mentioned above. To detect the unknown member, subculture IV was plated, and extensive REP PCR fingerprinting was performed. Each colony which appeared on the 10 Ϫ5 dilution agar plates after 3 to 10 days of incubation was marked and checked for its REP PCR pattern, but all of the patterns obtained corresponded to those of isolates M3, M4, and M5. However, after 20 days of incubation very small uniform colonies appeared on TCP agar between marked and previously checked colonies. These colonies produced identical REP PCR patterns which differed from the fingerprints of strains M3, M4, and M5. The new isolate was designated M6. Comparison of the REP PCR patterns of strains M3 through M6 with the REP PCR pattern of subculture IV showed that the bands of M6 dominated in the subculture IV fingerprint, but the bands of the other three isolates were also present (Fig. 2) . To further verify that the four isolated bacteria were the only bacteria present in subculture IV, subculture IV DNA and the DNAs of strains M3 through M6 were fingerprinted by ARDRA. Rhizobium sp. strains M4 and M5 presented the same ARDRA fingerprints with all six enzymes used for restriction, while the member of the Halomonadaceae (strain M3) and isolate M6 could be differentiated by their restriction patterns from each other and from the Rhizobium strains (Fig. 3 [data for three restriction enzymes are shown]). All of the ARDRA bands of subculture IV corresponded to bands of the four isolated bacteria, which confirmed that these bacteria were the only members of that liquid culture.
Strain M6 alone and strain M6 in combination with M3, M4, and M5 were checked for the ability to degrade 2,4,6-TCP. It was found that isolate M6 was capable of growth on and complete degradation of 2,4,6-TCP. Degradation of chlorophenols by a high-density cell suspension of Nocardioides sp. strain M6. Strain M6 was capable of utilizing 2,4,6-TCP as a sole carbon and energy source (Fig. 4) . It could grow on 2,4,6-TCP at concentrations up to 1,600 mg/ liter; however, the length of lag phase increased with increasing TCP concentration. This was especially vivid at 2,4,6-TCP concentrations higher than 400 to 500 mg/liter, where the lag phases were 24, 72, 144, and 288 h long at TCP concentrations of 400, 700, 1,200, and 1,600 mg/liter, respectively. Nocardioides sp. strain M6 was also capable of growth on 2,4-DCP (50 mg/liter) and 2,4,5-TCP (50 mg/liter). Other chlorophenols did not support growth.
Degradation of chlorophenols by a high-density cell suspension of Nocardioides sp. strain M6. A high-cell-density suspension of Nocardioides M6 completely degraded 2,4-DCP, 2,3,4-trichlorophenol, 2,4,5-TCP, or 2,4,6-TCP at a concentration of 100 mg/liter, 2,3,4,6-tetrachlorophenol at a concentration of 50 mg/liter, and 3,4-dichloro-, 2,3,4,5-tetrachloro-, or pentachlorophenol at a concentration of 25 mg/liter (Table 1) . No degradation of monochlorinated phenol was found ( Table 1) . The strain showed a clear preference for phenolic substrates containing chloro substituents in positions 2 plus 4 (i.e., 2,4-DCP, 2,3,4-trichlorophenol, 2,4,5-TCP, 2,4,6-TCP, 2,3,4,5-tetrachlorophenol, 2,3,4,6-tetrachlorophenol, and pentachlorophenol). The only exception to this was 3,4-dichlorophenol, which was also easily degraded by the resting cells. The dynamics of degradation of various chlorinated phenols were very similar, with the highest degradation rates observed during the first 1 h of incubation.
Salt and pH effects on the growth of Nocardioides sp. strain M6 on 2,4,6-TCP. Nocardioides sp. strain M6 grew on AMM3 supplemented with 500 mg of 2,4,6-TCP per liter and 20 mg of yeast extract per liter over a wide range of sodium ion concentrations (0 to 1.35 M), with the optimal concentration ranging from 0.2 to 0.4 M (Fig. 5a) . The optimal pH for growth of this strain on medium containing 2,4,6-TCP (500 mg/liter) and 20 mg of yeast extract per liter was between 9.0 and 9.4 (Fig. 5b) .
DISCUSSION
The usual approach for isolation of xenobiotic compounddegrading bacteria is direct plating of active enrichment cultures on minimal media with the toxicant as the only carbon source, followed by examination of the isolates for their degradative ability. Initial efforts to identify a 2,4,6-TCP-degrading bacterium from the Alkali Lake enrichment culture by this approach were unsuccessful. The main difficulty with this method is that microorganism growth on a toxic substrate is often slow and produces colonies with poorly defined morphology. Even on rich media it is frequently difficult to use morphology to distinguish bacteria belonging to the same taxonomic group selected by enrichment culture conditions. Molecular fingerprinting was therefore employed to differentiate and monitor bacteria obtained from the Alkali Lake enrichment culture. REP PCR, which can resolve very closely related isolates (4), and ARDRA, which can place isolates into different taxonomic groups (24), were both utilized for cultured isolate characterization.
When REP PCR was used, eight different phenotypes were identified among the plated bacteria in Alkali Lake enrichment subculture II. As expected, ARDRA was less sensitive and could not resolve two strains belonging to the Halomonadaceae (data not shown) and two Rhizobium strains (Fig. 3) were easily differentiated by REP PCR (Fig. 2) . REP PCR also proved to be effective for monitoring bacteria during enrichment and isolation. In addition, REP PCR is fast and easy to use, since colony biomass can be directly used as a template for the PCR, eliminating the need for DNA isolation.
Fingerprinting of the total DNA of the enrichment culture and comparison with fingerprints of the isolates obtained from it were also useful because they indicated the presence of unidentified bacteria in the enrichment culture. Both REP PCR and ARDRA fingerprints of the total DNA of enrichment subculture IV contained unique bands from the 2,4,6-TCP-degrading strain, Nocardioides sp. strain M6, spurring attempts to isolate it. If isolation of an unknown strain present in an enrichment culture is difficult or impossible, the unique REP PCR bands can be used to make strain-specific probes (16) , while unique 16S RNA bands can be utilized for determination of the taxonomic position of the unidentified bacterium. In this regard, it has been shown recently that phylogenetic information on bacteria can be helpful for developing strategies for their isolation from coculture or enrichment culture (10, 23) .
The chlorophenol-degrading organism Nocardioides sp. strain M6 was well-adapted to the alkaline conditions at the Alkali Lake site, growing optimally at pH 9.0 to 9.4. Based on its salt and pH optima for growth, strain M6 should be regarded as a slightly halophilic alkaliphilic bacterium (6, 13) . This strain is the first described extremophile which can grow on polychlorophenols and is the only known bacterium capable of utilization of both 2,4,6-TCP and 2,4,5-TCP. A high-density cell suspension of this strain can also degrade a wide range of chlorophenols from di-to pentachlorophenol. The ability of high-density cell suspensions to degrade a wider spectrum of chlorophenols has been previously reported for other 2,4,6-TCP-degrading strains (5, 12, 14) . Compared with other 2,4,6-TCP-degrading bacteria, strain M6 has a unique spectrum of chlorophenol degradation. It is similar to Pseudomonas pickettii DTP0602 in showing a preference for substrates containing chloro substituents in positions 2 plus 4 but differs from the latter organism by exhibiting higher activity toward highly chlorinated phenols (from tri-to pentachlorophenols), while P. pickettii DTP0602 exhibits preferential activity for mono-and dichlorophenols.
An additional unique characteristic of Nocardioides sp. strain M6 is its ability to utilize 2,4,6-TCP at very high concentrations. This bacterium can grow on 2,4,6-TCP supplied as the only carbon source at a concentration of 1,600 mg/liter. Only one other strain, Azotobacter sp. strain GP1 (14) , can utilize 2,4,6-TCP at concentrations near 1,000 mg/liter, and in contrast to strain M6, Azotobacter sp. strain GP1 has very narrow substrate specificity. Other known 2,4,6-TCP-degrading bacteria can grow on TCP only at concentrations below 200 to 400 mg/liter (5, 12) . One of the possible explanations for the unique ability of M6 to utilize 2,4,6-TCP at very high concentrations is the decreased toxicity of chlorophenols at high pH values (3) . This possibility will be examined in future investigations.
